ABSTRACT: The dielectric constant of indium in the deepultraviolet (DUV) region satisfies the conditions for localized surface plasmon resonance with low absorption loss. We report that indium acts as an agent of efficient surface-enhanced resonance Raman scattering (SERRS) in the DUV. Indium-coated SERRS substrates were prepared by depositing indium on fused silica glass substrates with control of the deposition thickness to tailor the plasmon resonance in the DUV. With excitation at 266 nm, SERRS was observed from thin adenine films deposited on the indiumcoated substrates, and the signal intensity was up to 11 times higher than that of a bare fused silica glass substrate. FDTD calculations showed that an enhanced electromagnetic field can be locally generated on the indium-coated substrates. Considering the volume of the enhanced field region in the excitation spot, we estimated the average enhancement factor to be 10 2 or higher. Our results indicate that indium is a promising and easy-to-use metal for efficiently exciting DUV-SERRS of samples containing a small number of molecules. KEYWORDS: indium, surface-enhanced resonance Raman scattering, localized surface plasmon resonances, deep-ultraviolet S urface-enhanced Raman scattering (SERS) is useful for label-free, nondestructive detection and analysis of samples containing a small number of molecules, 1−3 even single molecules. 4, 5 Since its discovery in 1974, 6 SERS research has resulted in a large number of papers, exceeding 11 000, 7 mostly related to visible or near-infrared (NIR) light excitation. Recently, small but growing efforts have been made to extend SERS to the deep-ultraviolet (DUV) region. DUV excitation makes SERS more powerful for high S/N measurement of a small number of molecules. The advantages of DUV excitation are notable when measuring aromatic compounds such as nucleotide bases 8 and aromatic amino acid residues, 9 which are essential in biology. The scattering efficiency of these molecules is up to 10 6 times higher with DUV excitation compared with visible and NIR excitation 10 due to the resonance Raman effect. Additionally, DUV excitation can be used to distinguish Raman bands from native fluorescence of a sample in a spectrum.
S urface-enhanced Raman scattering (SERS) is useful for label-free, nondestructive detection and analysis of samples containing a small number of molecules, 1−3 even single molecules. 4, 5 Since its discovery in 1974, 6 SERS research has resulted in a large number of papers, exceeding 11 000, 7 mostly related to visible or near-infrared (NIR) light excitation. Recently, small but growing efforts have been made to extend SERS to the deep-ultraviolet (DUV) region. DUV excitation makes SERS more powerful for high S/N measurement of a small number of molecules. The advantages of DUV excitation are notable when measuring aromatic compounds such as nucleotide bases 8 and aromatic amino acid residues, 9 which are essential in biology. The scattering efficiency of these molecules is up to 10 6 times higher with DUV excitation compared with visible and NIR excitation 10 due to the resonance Raman effect. Additionally, DUV excitation can be used to distinguish Raman bands from native fluorescence of a sample in a spectrum. 11 Furthermore, since the light-scattering efficiency is inversely proportional to the fourth power of the wavelength, DUV excitation can give a 10−100 times stronger Raman scattering signal from any off-resonance molecule than visible and NIR excitation can.
Resonance excitation of localized surface plasmon polaritons (LSPPs) in metals is required for SERS. 12−15 Silver and gold, metals commonly used for SERS, cannot support the excitation of LSPPs in the DUV. 16 To extend SERS to the DUV, it is essential to explore DUV plasmonic metals, in which surface plasmons are resonantly excited by DUV light. So far, aluminum is recognized as the only reliable and efficient DUV plasmonic metal. 16−32 The usefulness of aluminum as a medium of LSPPs in the DUV was first demonstrated in 2007 via extraordinary optical transmission, a well-known plasmonic phenomenon. 17 The first demonstration of DUV (λ ex = 244 nm) surface-enhanced resonance Raman scattering (SERRS) using aluminum was also reported in 2007. 18 In the following years, various nanostructures (sharp metallic tips, 16 nanodisks, 19 bowties, 20 and nanovoids 21 ) of aluminum were developed and employed for practical applications of SERRS. The DUV plasmonic properties of aluminum have also been used for enhancement of fluorescence, 22,23 photoelectron emission, 24 and TiO 2 photocatalysis 25 with DUV excitation. In spite of the recent increasing attention to SERS in the DUV, only aluminum thus far has been demonstrated as a reliable and efficient metal for SERS in the DUV. In this article we examine the potential of indium as a metal for SERS in the DUV and report that indium is a reliable and easy-to-use metal for greatly enhancing DUV resonance Raman scattering of analytes. Historically, indium was first examined as a metal to enhance luminescence 33 and Raman scattering 34−36 in the visible range in the 1980s; then it was predicted to enhance Raman scattering in the DUV by electromagnetic simulations in 1987. 37 For more than 20 years after this prediction, indium has yet to be used for SERS in the DUV. Recently, a study of metalenhanced fluorescence 38 and a numerical study of electromagnetic enhancement 39 by indium were reported, showing renewed consideration of indium as a plasmonic metal in the DUV. However, the potential of indium in the DUV has not been quantitatively and experimentally evaluated yet. A thorough study in the DUV is therefore necessary for indium, as used to be the case for aluminum, which was also predicted as a good metal for SERS in the UV in 1987 37 but has also been recently used in experiments 16−32 in the DUV. Among many kinds of metals predicted to enhance Raman scattering in the DUV by Schatz, 37, 39 we focused on indium because its dielectric function best satisfies two important criteria for high-gain and low-loss DUV plasmonic metals: (1) the real part of the dielectric function is smaller than −2 40 (see the inset of Figure 1 ) so that plasmons can resonantly couple with DUV light in metallic nanostructures and (2) the imaginary part of the dielectric function 40 is smaller than that of aluminum; 41, 42 that is, the absorption loss is smaller than that of aluminum. The low absorption loss in indium is ensured by the fact that the interband transition of indium (1.3 eV) 43 is as far from the DUV region as that of aluminum (1.5 eV). 44 The potential of indium as an agent for efficient DUV-SERRS is shown by simple calculations of the near-field intensity induced by an external field at the surface of a sphere whose diameter is much smaller than the wavelength of light. The near-field intensity, |E NF | 2 , is calculated as a static field component of the dipole radiation emitted by the temporal oscillation of the polarizability derived from Mie theory under the quasi-electrostatic approximation.
14 The equation for the calculation is
where ε 1 (ω) is the dielectric function of the metal, and |E 0 | 2 is the intensity of an external field. Solving the equation by substituting ε 1 (ω) with the dielectric functions presented in the inset of Figure 1 yields the near-field intensity for indium and aluminum as a function of wavelength, as shown in Figure 1 . According to the results, indium can support DUV-SERRS as efficiently as, or even more efficiently than, aluminum can. Besides the plasmonic property, there is another advantage of indium over aluminum as a SERRS agent. According to the literature, 38 indium forms multiple well-separated grains on a flat fused silica glass substrate via thermal vapor deposition in a vacuum without performing any treatment on the substrate. A substrate with well-separated grains has good surface roughness and a number of gaps where "hot spots" are produced and is, therefore, suitable for exciting reproducible and intense SERS. 45 On the other hand, aluminum tends to form a flat surface and requires treatment to form a rough surface, such as the use of a patterned substrate 32 and substrate annealing. 46 Experimentally, we thermally evaporated and deposited indium (wire with purity of 99.99%, Nilaco, Inc.) on a fused silica glass substrate in a vacuum chamber (10 −4 Pa). The thickness and rate of indium deposition were monitored with a quartz crystal unit. The deposition rate was set to 0.5 Å/s. After thermal deposition, the vacuum chamber was cooled to room temperature to avoid oxidation of the indium when exposed to the air. Indium can be coated with thick (>10 nm) oxidation layers in air at high temperature. 47 In the deposition process, we expected to be able to tailor the size of the indium grains by controlling the deposition thickness. 38 Figure 2a−h shows SEM images of the indium-coated substrates prepared with deposition thicknesses of 5, 10, 15, 20, 25, 30, 40 , and 50 nm. Indium formed multiple grains under all conditions. As expected, the grain size depended on the deposition thickness. Interestingly, small grains appeared in the spaces among larger grains, except for the 5 and 10 nm indium-coated substrates. Formation of the small grains can be understood as a result of merging of indium grains formed on the glass at the beginning of the deposition process and revealing of glass for small grains to be formed as the deposition thickness increases. 38 The idea Figure 1 . Near-field intensity induced by an external field (E 0 ) at the surface of indium spheres (red line and circles) and aluminum spheres (black line and triangles) whose diameters are much smaller than the wavelength of light. The near-field intensity is defined as |E NF | 2 /|E 0 | 2 , where |E NF | 2 is the near-field intensity at the surface of the sphere, calculated with the quasi-electric approximation.
14 The inset shows the dielectric functions of indium 40 and aluminum. of this mechanism suggested that the size of the small grains in the 15, 20, 25, 30, 40 , and 50 nm indium-coated substrates can be independent of the deposition thickness. We excluded small particles in those six substrates when analyzing the average size of the indium grains in each substrate. Thus, we statistically analyzed both the lateral and the vertical lengths of grains seen in SEM and AFM images (data not shown), respectively. Figure  2i represents the resultant averages of the lateral and vertical lengths of 30 grains for each substrate. Both the lateral and vertical lengths of indium grains (excluding the small grains existing in the spaces between the larger grains) monotonically increased as the deposition thickness of indium increased.
To examine the plasmonic properties of the indium-coated substrates, we measured their extinction spectra with a UV−vis spectrometer (UV-3600, Shimadzu, Inc.). Figure 3a presents extinction spectra of the indium-coated substrates prepared with deposition thicknesses of 5, 10, 15, 20, 25, 30, 40, and 50 nm. All the spectra have one or two extinction bands in the DUV. These bands are attributable to localized surface plasmon resonances of indium. The single peaks observed in the spectra for the 5, 10, and 15 nm indium-coated substrates and the longer wavelength peaks in the spectra for the other substrates are assigned to dipole modes, whereas the shorter wavelength peaks in the spectra for the 20, 25, 30, 40, and 50 nm indiumcoated substrates are assigned to quadrupole modes. Figure 3b summarizes the peak wavelength of the extinction band as a function of the average volume of the indium grains. The average volume was estimated by assuming pillar-like grain structures with a diameter equal to the average lateral length and a height equal to the average vertical length, shown in Figure 2i . The upper and lower plots represent plasmon resonances of quadrupole and dipole modes, respectively. Both dipole and quadrupole peak wavelengths monotonically redshifted with an increase in volume of the indium grains. Since we ignored the small grains, the results can mean that the extinction spectra are dominantly due to the large grains. Thus, the plasmon resonance wavelength of the indium-coated substrates can be tailored to the DUV by size control of the indium grains via control of the deposition thickness.
Using the prepared substrates, we examined the ability of indium to enhance resonance Raman scattering in the DUV. As a test sample, we selected adenine, because it efficiently scatters DUV light by the resonance Raman effect. Adenine is important in biology, as one of the nucleotide bases, and is a common sample used in research on DUV-SERRS 16, 19, 21 since it forms a thin film with a uniform thickness, which is useful for quantitative evaluation of the SERRS enhancement factor. Using a vapor deposition method, 19 we formed uniform, thin (1 nm) adenine films on indium-coated substrates prepared as described above, as well as on a bare fused silica glass substrate as a reference (see SI). In the Raman measurements, a diodepumped solid-state laser with CW emission at a wavelength of 266 nm (MBD-266, Coherent, Inc.) was used as the excitation light source. This wavelength matched an absorption peak of adenine lying at ∼270 nm (see Figure S1 ). A laser beam with a power of 1 μW was focused onto the sample by a DUV microscope objective lens (40×, Thorlabs, Inc.) with an NA = 0.4. The scattered light from the sample was collected with a backscattering configuration. After Rayleigh rejection by an edge-filter, Raman scattered light was collected by a spectrometer (Acton SP2500, Princeton Instruments, Inc.) equipped with a grating having 1800 G/mm and was detected in the form of a spectrum with a back-illuminated, cooled DUV CCD camera (PyLoN:2KBUV, Princeton Instruments, Inc.). The grating dispersion was calibrated with the laser line (0 cm −1 ) and the Raman bands of boron nitride (1364 cm
) and acetonitrile (2249 cm −1 ). For each single spectral measurement, we accumulated signals from 100 different positions separated from neighboring positions by 10 μm on the substrate. Accumulation of signals from different positions is essential to gain a high S/N sufficient for quantitative analysis of the Raman band intensity without sample photodegradation. 19, 48 Since the fwhm of the focus profile was 0.4 μm, we estimated the in-plane cross-sectional area of the focus spot to be 0.13 μm 2 and therefore, estimated the total observation area to be 13 μm 2 . Figure 3c shows measured Raman spectra of adenine films formed with equal thicknesses on the bare fused silica glass substrate and on the 10, 25, and 40 nm indium-coated substrates. According to Figure 3b , the 10 and 40 nm indiumcoated substrates showed plasmon resonances due to a dipole mode and a quadrupole mode, respectively, in the wavelength range of the excitation and the scattering (266−280 nm), whereas for the 25 nm indium-coated substrate, the wavelength range was in the middle between the bands of the dipole and quadrupole modes. In the spectra, outstanding peaks were observed at 720, 1250, 1330, 1470, and 1600 cm −1 , all attributable to Raman scattering of adenine vibrations. All three indium-coated substrates showed higher intensities of these bands compared with those of the fused silica substrate. The largest enhancement was observed with the 25 nm indiumcoated substrate. For quantitative evaluation of the enhancement, the intense and well-isolated band at 1469 cm −1 , attributable to the combination tone of C4N9 stretching and C8H bending vibrations, 10 was analyzed. The band was fitted to a Lorentz function, and the area of the band was derived. The band area was compared between the indium-coated and fused silica substrates to examine the Raman enhancement, defined as the ratio of the band area for an indium-coated substrate to that for the fused silica glass substrate (I In /I FS ). In comparison, we found the largest enhancement to be 11 times for the 25 nm indium-coated substrate. The enhancement for the 10 and 40 nm indium-coated substrates was 1.9 and 5.2 times, respectively.
According to experiments, the largest enhancement was not observed with the 10 or 40 nm indium-coated substrate, in which the plasmon resonances lie exactly in the excitation and scattering wavelength ranges. Reports in the literature showed that the SERS excitation profile and the extinction spectrum of a SERS substrate do not match in a complex system, such as a grainy metal substrate. 49, 50 This is because the SERS spectrum will be dominated by the resonances involving "hot spots", whereas the extinction spectrum of the SERS substrate will include contributions from the entire nanostructure. 7 This explanation is reasonable, and therefore, below we discuss the effects such hot spots, which can exist over the indium-coated substrates, on Raman enhancement.
The hot spots can be generated by coupling of larger and smaller grains, since a larger grain can serve as an antenna and a smaller grain can generate a strong near-field. 50, 51 In this point, the 25 and 40 nm indium substrates are suitable for large enhancement of Raman scattering since they have many smaller grains in the spaces among larger grains, whereas the 10 nm indium-coated substrates are not. The hot spots can also be generated by gaps that are relatively small compared with the grain size. To discuss the effects of gaps on Raman enhancement for each substrate, we summarized, in Table 1, average information on the geometry and alignment of 30 grains, excluding small ones, for the 10, 25, and 40 nm indiumcoated substrates taken from an SEM image of each substrate. W is the lateral length of the grains, taken from Figure 2i , G cl and G all are the size of the gap to the closest grain and the average size of the gaps to all neighboring grains, respectively, G cl /W and G all /W are gap sizes normalized to the lateral length of the grains, N gr is the number of grains in the excitation spot, derived as the product of the cross-sectional area of the excitation spot and the density of the indium grains on the substrate, and N gap is the number of gaps in the excitation spot, estimated from the density of grains and the number of neighboring grains for each grain. Both G all /W and G cl /W were the smallest for the 25 nm indium-coated substrate, whereas they were the largest for the 10 nm indium-coated substrate, meaning that the field will be locally enhanced at gaps on the 25 nm indium-coated substrate but not on the 10 nm indiumcoated substrate. Comparing the 25 and 40 nm indium-coated substrates, the difference in N gap in the excitation spot is prominent; the 25 nm indium-coated substrate had a larger number of gaps in the excitation spot than the 40 nm indiumcoated substrate did. To summarize, the 25 nm indium-coated substrate was the best substrate for producing a larger number of strong hot spots.
FDTD calculations support the finding that an intense electromagnetic field can be generated on the 25 nm indiumcoated substrate. We calculated the electromagnetic field distribution on a multigrain indium-coated substrate based on an SEM image of an indium-coated substrate prepared with a deposition thickness of 25 nm (see SI). The original SEM image and the model of the multigrain indium-coated substrate are shown in Figure 4a and b, respectively. Some of the small grains and the small gaps are not reproduced in the model. This is because the SEM image was processed with intensity thresholding so that each grain was separated. Through this process, the grain size was reduced and the gap size was enlarged compared with the experiments. We assumed each grain is a pillar with a height of 34 nm, which is the average height shown in Figure 2i for the 25 nm indium-coated substrate. Considering that adenine can exist only on top of indium grains and on the fused silica glass, but not inside the grains or in the air, we first calculated the field intensity distribution at λ = 266 nm at the plane defined by the top surface of the grains and the plane defined by the indium/glass boundary (see SI), and then we merged them to derive one image showing the field distribution in the adenine thin film. The resultant image is shown in Figure 4c . The figure indicates that the electromagnetic field is enhanced by the order of magnitude of 2. Since the modeled indium-coated substrate omits most of the small particles and gaps, which can generate local enhanced fields, the local enhancement factor in the experiments can be higher than this calculated value.
The calculated field distribution is also useful for estimating the average enhancement factor (η) in the experiment. The average enhancement factor is calculated through the following equation:
where V SERRS is the relative volume of hot spots in the excitation spot to the total volume of the excitation spot, and I In /I FS is 11 for the 25 nm indium-coated substrate. V SERRS can be estimated from the area occupied by hot spots relative to the total area in the calculated field distribution. According to Figure 4c , the strongly enhanced field can be localized in the circumference of the indium grains. The area of the strongly enhanced field region is estimated to be ∼10% of the in-plane cross-sectional area of the focus spot. Assuming that most of the SERRS signal could arise from this region, V SERRS could be determined to be 0.1. Thus, we estimated η to be 10 2 . This is a similar order of magnitude to the value for aluminum, 19 even though tight localization of the enhanced field is not considered in this estimation.
In summary, we discovered that indium acts as an agent for enhancing DUV-SERRS of organic molecules. Indium-coated SERRS substrates were prepared by depositing indium on fused silica glass substrates only with control of the deposition thickness to tailor the plasmon resonance in the DUV. With excitation at a wavelength of 266 nm, SERRS was observed from thin adenine films deposited on the indium-coated substrates. The Raman scattering signal of the adenine deposited on the indium-coated substrates was up to 11 times higher than that of a bare fused silica glass substrate. FDTD calculations indicated that the enhanced electromagnetic field can be locally distributed in a limited region on the substrates. According to the calculated field distribution, we estimated the average enhancement factor to be 10 2 or higher. The enhancement factor in the experiment can be much higher because the calculations omitted small gaps and grains where a strongly enhanced field can be tightly localized. Our results show that indium is an efficient and easy-to-use metal for exciting DUV-SERRS and will accelerate the development of research applications in DUV-SERRS by extending the choice of metal that can be used.
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